Magic wavelengths for the Li, Na and K alkali atoms are determined using the circulalrly polarized light for the ns − np 1/2,3/2 transitions, with n denoting their ground state principal quantum numbers, by studying their differential ac dynamic polarizabilities. These wavelengths for all possible sub-levels are given linearly as well as circulalrly polarized lights and are further compared with the available results for the linearly polarized light. The present study suggests that it is possible to carry out state insensitive trapping of different alkali atoms using the circularly polarized light.
I. INTRODUCTION
It has been known for some time that atoms can be trapped and manipulated by the gradient forces of light waves [1] [2] [3] . However, for any two internal states of an atom, the Stark shifts caused due to the trap light are different which affects the fidelity of the experiments [4, 5] . Katori et al. [6] suggested a solution to this problem that the trapping laser can be tuned to wavelength, "λ magic ", where the differential ac Stark shifts of the transition vanishes. Knowledge of magic wavelengths is necessary in many areas of physics. In particular, these wavelengths have unavoidable application for atomic clocks and quantum computing [7, 8] . For example, a major concern for the accuracy of optical lattice clocks is the ability to cancel the large light shifts created by the trapping potential of the lattice. Similarly, for most of the quantum computational schemes, it is often desirable to optically trap the neutral atoms without affecting the internal energy-level spacing for the atoms.
Over the years, there has been quite a large number of calculations of the magic wavelengths of alkali-metal atoms for linearly polarized traps [9] [10] [11] , with rather fewer calculations of the magic wavelength for the circularly polarized traps. Moreover, as stated in [11] , the linearly polarized lattice scheme offers only a few cases in which the magic wavelengths are of experimental relevance. Therefore, we would like to explore the idea of using the circularly polarized light. Using the circularly polarized light may be advantageous owing to the dominant role played by vector polarizabilities in estimating the ac Stark shifts [12] [13] [14] . These polarizability contributions are absent in the linearly polarized light. Recently, we had investigated the magic wavelengths for the circularly polarized light in rubidium (Rb) atom and found spectacular results that can lead to state insensitive trapping of Rb atoms using this light [12] . In this paper, we * Email: arorabindiya@gmail.com aim at searching for magic wavelengths in the Li, Na, and K atoms due to circularly polarized light and also compare our results for linearly polarized light with other available results.
II. THEORY
The energy shift of any state v of an atom placed in a frequency-dependent ac electric field E(ω), can be estimated from the time-independent perturbation theory at the second order perturbation level as
where α v (ω) is the dynamic dipole polarizability of the atom in the v th state and can be expressed as
where (p) kv = ψ k |D| ψ v is the electric-dipole matrix element. In a more conventional form, the dipole polarizability α(ω) can be decomposed into three components as
which separates out the m j dependent and independent components. The m j independent parameters α 0 (ω), α 1 (ω) and α 2 (ω) are known as scalar, vector and tensor polarizabilities, respectively. They are given in terms of the reduced matrix dipole matrix elements as [15] 
and
In the above expression A, θ k and θ p define degree of circular polarization, angle between wave vector of the electric field and z-axis and angle between the direction of polarization and z-axis, respectively. Without the loss of generality, it is assumed that the considered frequencies (ωs) are several line-widths off from the resonance lines and A = 1 for the right-handed and A = −1 for the left-handed circularly polarized light. In the absence of the magnetic field (or in weak magnetic field), we approximate cos(θ k ) = cos(θ p ) = 1.
The differential ac Stark shift for a transition is defined as the difference between the Stark shifts of individual levels which are further calculated from the frequencydependent polarizabilities:
where we have used the total polarizabilities of the respective states and i = 1/2, 3/2. Since the external electric field E is arbitrary, we can locate the frequencies or wavelengths where α npi = α ns , for an atom for the null differential ac Stark shifts which gives the value of magic wavelengths. In other words, the crossing between the two polarizabilities at various values of wavelengths will correspond to λ magic . As pointed out in the begining, it will be experimentally convenient to trap atoms at these wavelengths.
III. PROCEDURE FOR CALCULATIONS
The scalar, vector and tensor polarizabilities can be written using sum-over intermediate states as
where λ = 0, 1 and 2 represents for scalar, vector and tensor polarizabilities and C 
by expressing wave functions of the state v as a closed core with the corresponding valence orbital so that α [12, 30] .
To determine contributions to α λ v (v) from the low-lying intermediate states involving virtual orbitals, we express atomic wave functions of a given state with a colsed core and a valence orbital k as
where |Φ 0 is the Dirac-Fock (DF) wave function for the closed core and a † k correspond to the attachment of the k valence orbital to the core. The wave function of the exact state is then expressed in the coupled-cluster (CC) theory framework as [29] 
where T and S v operators account coorelation effects from core and core with valence orbitals, respectively. Amplitudes of these operators are obtained using the Dirac-Coulomb (DC) Hamiltonian and the detailed procedures are explained else where (e.g. refer to [32, 33] ). We calculate the reduced matrix elements of D between states |Ψ f and |Ψ i after obtaining from the above procedure that to be used in the sum-over-states approach as expression
where
Detailed calculation procedures of these expressions are discussed elsewhere [32, 33] .
IV. RESULTS AND DISCUSSION
We first use the obtained E1 matrix elements and other MBPT(3) results to evaluate static polarizabilities I: Absolute values of E1 matrix elements in Li, Na, and K atoms in ea0 using CCSD(T) methods. Uncertainties in the CCSD(T) results are given in the parentheses. 
1.2 (6) 10 (5) 10 (5) (ω = 0) of the considered states in Li, Na and K to bench mark their accuracies aganist the previously reported experimental and theoretical results. The matrix elements calculated using the method mentioned above are shown in Table I and are presented under the column CCSD(T). Uncertainties in the E1 matrix elements and MBPT(3) results are estimated using the procedures given in [12, 28] . To reduce the uncertainties in our calculations, we have taken the E1 matrix elements complied in Ref. [27] , they are pointed out in the table explicitly, instead from our calculations. Experimental energies from the national institute of science and technology (NIST) database [16] [17] [18] are used in the present calculations. The determined polarizabilities are given in Table  II and compared with the other results. The most accurate experimental measurement of Li ground state polarizability α 0 2s = 164.2(11) a.u. was obtained in [19] . Our result α 0 2s = 164(1) a.u. is in excellent agreement with the experimental value. The most strigent experimental value for Na ground state polarizabilitty was obtained by interferometry experiment as α 0 3s = 162.7(8) a.u. [21] and our present value α 0 3s = 162.4(2) a.u. agrees well with the experimental value within the uncertainty limits. The most recent experimental result available for the ground state polarizability in K is α 0 4s = 290.58(1.42) a.u. [23] , which is very close to our calculated value α 0 4s = 289.8(6) a.u. Our results for all the states in the considered three atoms also agree with other theoretical results. Therefore, the present polarizability results can be used further to find out magic wavelengths in these atoms.
To find magic wavelengths, i.e. the null differenial dynamic polarizabilities among various states, we first determine the frequency dependent polarizabilities. In Figs. 1, 2 , and 3, we present these results for the scalar, vector and tensor polarizabilities for Li, Na, and K atoms, respectively. In Figs. 4 , 5, and 6 we plot the total dynamic polarizability for the ns and np 3/2 states of Li, Na, and K atoms respectively (where n = 2 for Li, n = 3 for Na and n = 4 for K). In the case of the np 3/2 states, the total polarizability in the presence of linearly polarized light, is determined as α = α 0 − α 2 for m j = ±1/2 and α = α 0 + α 2 for m j = ±3/2. Similarly, the total polarizability for the np 3/2 states due to the circularly polarized light is determined separately for the m j = −3/2, −1/2, 1/2, 3/2 sublevels using Eq.(3). Magic wavelengths for the corresponding transitions are located at the crossing of the two curves.
In Table III , we list magic wavelengths for the considered atoms in the presence of linearly polarized light. As shown in the table, the magic wavelengths found in the present work agrees very well with the previous publications [11, 26] . We do not discuss these results in detail here since they are discussed in the above works and we focus mainly on the results obtained due to the circularly polarized light. It is to be noted that we did not find any other data to compare our magic wavelength results in the case of K atom for wavelengths less than 600 nm. We consider hereafter the left-handed circularly polarized light for all the practical purposes as the results will have a similar trend with the right-handed circularly polarized light due to the linear dependency of degree of polarizability A in Eq. (3).
In Table IV , we list magic wavelengths for the ns − np 1/2,3/2 transitions of Li, Na, and K atoms in the wavelength range 500−1500 nm in the presence of circularly polarized light. As found, the number of magic wavelengths for the ns − np 1/2 transitions for the circularly polarized light are less compared to the linearly polarized light. Therefore, using the linearly polarized light to trap the atoms for these transitions would be more advantage. However, the reported magic wavelengths could be useful in a situation where it demands to trap the atoms using the circulalrly polarized light. Below, we discuss the results only for the ns − np 3/2 transitions as they seem to be of more experimental relevance owing to the fact that there are only fewer convenient magic wavelengths for these transitions found using the linearly polarized light.
First we discuss the results for the 2s − 2p 3/2 transition of Li atom. As seen in the table, the number of convenient magic wavelengths for the above transition in this atom is less compared to the linearly polarized light. Moreover, no magic wavelength was located for the m j = 3/2 sub-level. Therefore, it would be appropriate to use linearly polarized light for the state insensitive trapping of this atom. Next, we list a number of λ magic TABLE IV: List of magic wavelengths for the circularly polarized light in Li, Na and K atoms. (1) 1227.73 (2) and the corresponding polarizabilities for the 3s − 3p 3/2 transition of Na in the wavelength range 500−1500 nm in the same table. The number inside the brackets for λ magic depicts the uncertainty of the match of polarizability curves for the two states involved in the transition. These uncertainties are found as the maximum differences between the α 3s ± δα 3s and α 3p ± δα 3p contributions with their respective magnetic quantum numbers, where the δα are the uncertainties in the polarizabilities for their corresponding states. For Na atom, we get a set of four magic wavelengths in between six 3p 3/2 reso- (5) 534(4) 576 (7) 580(6) 690.1(1) -688 (4) 694(6) 1255.37 (4) 1248 (84) nances lying in the wavelength range 500−1400 nm; i.e. 3p 3/2 − 4s resonance at 1140.7 nm, 3p 3/2 − 3d j resonance at 819.7 nm, 3p 3/2 −5s resonance at 616.3 nm, 3p 3/2 −3s resonance at 589.2 nm, 5p 3/2 − 4d j resonance at 569 nm, and 5p 3/2 − 6s resonance at 515.5 nm. The magic wavelength expected between 3p 3/2 − 5s and 3p 3/2 − 3s resonances is missing for the circularly polarized traps. Half of the magic wavelengths support blue-detuned whereas the other half favour towards the red-detuned optical traps. It can be observed from Table IV that m j = 3/2 sub-level does not support state-insensitive trapping at any of the listed magic wavelengths. However, using a switching trapping scheme as described in [12] can allow trapping this sub-level too. The magic wavelength at 616 nm is recommended owing to the fact that it supports a strong red-detuned trap as depicted by a large positive value of polarizability at this wavelength. For the 4s−4p 3/2 transition in K atom, we get eight sets of magic wavelengths in the wavelength range 500 − 1500 nm as shown in Table IV . Out of these eight magic wavelengths, the magic wavelength at 1247 nm supports red-detuned optical trap. The magic wavelengths at 510.9, 511.3, and 694 nm occur for all the m j sub-levels at nearly same value of polarizability. However, at 511.3 and 694 nm the crossing for polarizability curves for the 4s and 4p 3/2 states is very sharp. In addition to the magic wavelengths mentioned in Table IV , we found five more magic wavelengths for the m j = 3/2 state at 516.8(7), 543.4(5), 605.2(9), 724.5(3), and 849.7(8) nm. The final magic wavelengths are calculated as the average of the magic wavelengths for various m j sublevels and are written as λ magic (avg) in Table V and VI, for linearly and circularly polarized light respectively. The error in the λ magic (avg) is calculated as the maximum difference between the magic wavelengths from different m j sub-levels. For cases where the magic wavelength was found for only one m j sublevel (for example, λ magic for the 4s − 4p 3/2 transition at 1227.73 nm for K atom) , the number in the bracket corresponds to the uncertainty in the match of the polarizabilities of the ns and np states in place of representing the spread in the magic wavelengths for various m j sublevels.
V. SUMMARY
In summary, we have investigated magic wavelengths in Li, Na and K atoms for both the linearly and circularly polarized optical traps. To determined these values, we have calculated dynamic polarizabilities using the best know E1 matrix elements. Our predictions for the linearly polarized trap agree well with the previously reported results. This study demonstrates a significant number of magic wavelengths due to the the circularly polarized light which will be very useful in trapping the above atoms in the ac Stark shift free regime. However, we do not recommend to use the circularly polarized traps for trapping Li atoms.
